To improve Organic Thin Film Transistor (OTFT) properties we study OTFT semiconductor/dielectric interfacial properties via examination of the gate dielectric using thin Parylene C layer. Structural and morphology properties of pentacene layers deposited on parylene layer and SiO 2 /Si substrate structure were compared. The surface morphology was investigated using atomic force microscopy (AFM) and scanning electron microscopy (SEM). AFM topography of pentacene layer in non-contact mode confirmed the preferable pentacene grain formation on parylene surface in dependence on layer thickness. The distribution of chemical species on the surfaces and composition depth profiles were measured by secondary ion mass spectroscopy (SIMS) and surface imaging. The depth profiles of the analyzed structures show a homogenous pentacene layer, characterized with C or C 2 ions. Relatively sharp interface between pentacene and parylene layers was estimated by characteristic increased intensity of CCl ions peak. For revealing the pentacene phases in the structures the Micro-Raman spectroscopy was utilized. Conformal coatings of parylene and pentacene layers without pinholes resulted from the deposition process as was confirmed by SIMS surface imaging. For the pentacene layers thicker than 20 nm, both thin and bulk pentacene phases were detected by Micro-Raman spectroscopy, while for the pentacene layer thickness of 5 and 10 nm the preferable thin phase was detected. The complete characterisation of pentacene layers deposited on SiO 2 and parylene surface revealed that the formation of large grains suggests 3D pentacene growth at parylene layer with small voids between grains and more than one monolayer step growth. The results will be utilized for optimization of the deposition process. 
Introduction
The attraction of organic electronics is driven by the possibility to have large-area, lightweight and flexible devices able to integrate functionalities currently accomplished using more expensive conventional semiconductors and components at considerably lower cost. In particular, flexible devices for active matrix addressing are attractive for image panels in the near future. Organic thin-film transistors (OTFTs), which are key elements for active matrix addressing devices, have been developed to have appropriate operation properties for individual pixel switching operation. Such development has been focused mainly on optimizing the transistor structure, especially the gate dielectric interface and its fabrication process. Parylene's superior electrical insulation characteristics make it an excellent solution not only for organic electronic devices passivation [1, 2] and patterning [3] , but also for the gate dielectric layer of organic field effect transistors [2, [4] [5] [6] [7] . Pentacene is one of the most investigated organic semiconductors for use in current OTFT architectures, because of its excellent electrical characteristics and its resistance to atmospheric oxygen [8] . For transistor performance the morphology, crystal structure and molecular ordering of the first organic monolayer(s) at the pentacene/dielectric interface are essential determinants of carrier transport phenomena [9] [10] [11] [12] [13] [14] [15] .
We report on surface and interface characterization of pentacene and parylene layers on Si/SiO 2 substrates by utilizing SIMS, Raman spectroscopy, SEM and AFM. The time of flight based SIMS investigations were provided to get surface chemical information by surface mapping and interfaces identification by depth profiling. Raman measurements were done to reveal the surface properties and possible changes of the layers structure. SEM method was employed for surface morphology investigations and to visualize the vertical structure. The surface morphology and thickness was studied using AFM.
Materials and experimental details
Manipulating the semiconductor/dielectric interfacial properties via optimizing the gate dielectric can substantially enhance organic field effect transistors performance [16] . To this end, polymer dielectrics are ideal because of their diverse properties, favourable film-forming characteristics, and tenable surface chemistry for the control of device-critical interfacial trap state densities. Polymer dielectric chain dynamics affect organic semiconductor growth and OTFT current-voltage (I -V) response [17, 18] .
For developing and improvement of OTFTs properties the parylene C gate dielectric polymer was chosen. Parylene is the generic name for the poly-para-xylylenes. These materials form linear, highly crystalline polymers. The most commonly used is Parylene C (C 8 H 7 Cl), the mono-chloro substituted compound. The monomer chem- ical structure is shown in Fig. 1 . Parylene C has excellent bulk properties: its moisture barrier, high mechanical strength, thermal stability and electrical insulation 1 . Gas phase polymerization makes parylene layers absolutely uniform and conformal on all surfaces. These advantageous features make parylene layers extremely useful in technologies requiring high-quality pinhole free coatings. Furthermore, thin parylene layers show superior electrical insulation characteristics [6] .
The parylene layers were deposited from the vapour phase by a process, which in some respects resembles vacuum metallizing 1 . The vapour deposition process begins when a raw material (dipara-xylylene) is heated to ∼150°C in a vacuum system until the material sublimes. This dimer vapour passes through a high temperature pyrolysis zone (∼680°C) where it cracks and becomes monomer vapour. The gas then flows into a deposition chamber containing the substrate to be coated. Upon encountering the substrate, the gas converts into a solid polymer state (polypara-xylylene), which takes the form of a completely conformal transparent polymer film. For preparing very thin parylene layers in the nm range it is necessary to use in-situ Quartz Crystal Monitor and a special shutter to achieve desired and reproducible thicknesses. The prepared parylene layer surface roughness measured by AFM showed root mean square roughness R value 0.5 nm investigated on 10×10 µm 2 area. This value of surface roughness increases in dependence of increasing deposition rate and layer thickness [6] .
Pentacene, one of the most widely studied organic semi- (Fig. 2) .
To study the gate dielectric-organic semiconductor OTFT interface properties two different dielectric structures were used. For both structures heavily doped silicon wafers with a 40 nm thick thermal grown silicon dioxide insulating layer were used as substrates (supplier: On Semiconductor). The first structure consist of 10 nm parylene C layer on this substrate (Fig. 3a) . For comparison we used the second structure: this substrate without parylene layer (Fig. 3b) . The wafers were successively cleaned in hot acetone and hot isopropanol for 3 min in an ultrasonic bath, then with a piranha solution (70 vol % H 2 SO 4 : 30 vol % H 2 O 2 30%) for <20 min, and were finally thoroughly rinsed in DEMI water [20] . Before parylene deposition A-174 Silane was used to promote parylene adhesion to hydrophilic surfaces such as silicon dioxide 2 and then the parylene layer was deposited with nominal thickness of 10 nm. Before pentacene deposition the substrate with silicon dioxide layer on the top (without parylene) was treated in HMDS (hexamethyldisilazane) vapours for 24 hours to achieve hydrophobic surface. The pentacene layers were deposited on the top of these two structures (substrate with parylene on the top and substrate with silicon dioxide on the top) with thickness of 5, 10, 20 and 40 nm. The pentacene layers were deposited from commercially available material (Acros Organic) with 98% purity. No further purification was done of the pentacene material. Pentacene was deposited by standard thermal evaporation process at pressure of 10 −3 Pascal at 60°C and deposition rate 0,3 -0,45 Å/s.
Analytical methods and conditions
For surface morphology investigations, secondary electron mode of high resolution FE SEM (LEO 1550) was used. Additionally, the surface structures of parylene and pentacene coatings were investigated by using Park System AFM XE100 in non-contact mode. To reduce the surface charging effects during AFM tip movement the conductive Cr-Au cantilevers were used. The time of flight based SIMS instrument (Ion-TOF) with high energy Bi + primary source was employed for structure analysis. For structure depth profiling high energy pulsed primary source (25 keV) was combined with low energy sputter guns at 500 eV Cs + gun in 45°to sample surface. Sputtering ion beam was rastered over 300×300 µm 2 area while the primary beam within 80×80 µm 2 area in the centre of sputtered area. Standard spectra were taken from each sample before the surface analysis. For the slightly charging pentacene samples electron flooding was used.
A Jobin Yvon HR800 monochromator equipped with a CCD detector was used to record the micro-Raman spectra at room temperature in backscattering geometry. The spectra were excited employing He-Ne laser (633 nm of wavelength). Diameter of the laser spot at the sample surface was 1.8 µm.
Results and discussion
For optimization of the pentacene growth conditions the native surface morphology of the as grown layers of parylene, pentacene on SiO 2 and pentacene on parylene has been evaluated by the SEM methods as shown in Fig. 4 . The 10 nm thick parylene layer prepared on 40 nm thick SiO 2 layer (Fig. 4a) shows contiguous surface with nanograins of 3 to 5 nm in diameter. The AFM mea-surements confirmed low roughness of deposited parylene layers showing R value ≈1 nm on 10×10 µm 2 scanned area. The thin pentacene layer of 5 nm grown on SiO 2 reveals formation of small individual clusters as shown in Fig. 4b . On the other hand Fig. 4c shows the typical surface morphology of the 40 nm thick pentacene layer grown on parylene surface where formation of large grains suggests 3D pentacene growth with small voids between grains and more than one monolayer step growth. Such a type of layer formation is preferable for OTFT applications.
AFM topography of pentacene layer in non-contact mode confirmed the preferable pentacene grain formation on parylene surface in dependence of layer thickness. In Fig. 5a is shown the AFM image of 40 nm thick pentacene layer deposited on 10 nm parylene. The large grains formation confirmed 3D pentacene growth with grain high in the range of 20 nm. The thin 10 nm pentacene layers on 10 nm parylene layers show considerably reduced size and high of the grains (Fig. 5b) . These results suggest that the grain size and surface corrugation is increasing with increasing pentacene layer thickness.
Using TOF SIMS mass spectra were acquired from the top of sample surfaces without any chemical cleaning process or modification. Characterization of the as grown pentacene layer was performed by SIMS in order to investigate the composition and the impurity content of the topmost atomic layers. The surface mass spectra in negative polarity secondary ions of the 20 nm pentacene layers are shown in Fig. 6a . The molecule of pentacene can be characterized from SIMS spectra by utilizing C, C and C H peaks. Complementary the surface spectra of parylene in negative polarity secondary ions are shown in Fig. 6b . The characteristic peak elements for parylene beside the C, H and Cl are the chlorine containing bonds with CxHy.
The SIMS ion image usually characterize the topmost surfaces. From the topmost pentacene surface a surface ion image was acquired in negative polarity secondary ions (Fig. 7a) . The ion image contains chemical elements and compounds characteristic for the pentacene described above. These ion images were acquired from the regions with partially covered pentacene and parylene layer grown on SiO 2 /Si substrate (see Fig. 3a ). The columns 1 and 2 in Fig. 7a , are the maps of characteristic ions like C, CH and C H of pentacene layer grown on parylene/SiO 2 structure. The total counts of ions acquired in normalised time are plotted in thermal colour scale, where the white colour means higher intensity of ions and black colour lower intensity. Column 3 represents the parylene characteristic ions from shielded parylene surface (Cl, CCl, CHCl ions). This artificial interface is possible to use for evaluation of more thin films above each other. it is evident that the pentacene surface does not contains pinholes, since the most intense Cl signal is homogenously covered in the right side of A3 window in Fig. 7a . Similarly the B3 and C3 windows confirm the homogenous covering using CCl and CHCl characteristic peaks. Since the pentacene was exposed in the air for a certain time, the Cl ions from the surroundings were captured in the surface -A3 window left side. This can also be evaluated as a level of contamination. The above-mentioned CCl and CHCl bonds better visualise the situation of the real surface from the pentacene/parylene interface region. Using this method we can verify the homogeneity of surface, investigate the individual surface region between two layers and search for possible pinholes and impurities. a) b) Similar investigations were done on structure without parylene layer. The Fig. 7b shows the secondary ion image in negative polarity from pentacene layer deposited on SiO 2 surface, where the characteristic ions are plotted. Depth profile from pentacene/parylene on SiO 2 layer are shown in Fig. 8a through structure with 40 nm pentacene and 10 nm parylene C. Using the most intense characteristic peaks described above the profile can be interpreted as follows. The profiles show a homogenous pentacene layer, which is characterized with C or C 2 ions, however the intensity of counts is waving. Referring to the AFM measurements results, this waving can be ascribed to the corrugated pentacene surface, where small hills and valleys are present. Since the pentacene on parylene has no sharp interfaces like in SIMS depth profiles for inorganic multilayer, the interface between pentacene and parylene was estimated for 100 sec, which refers to ∼ 40 nm pentacene. After the 40 nm (100 sec sputtering time) of pentacene layer characteristic peaks ended and the parylene characteristic peak of CCl ions start to grow. The parylene layer is then homogenous until the Si surface, where the relative Si ion intensity is increasing until reaches the maxima in Si substrate. The waving of the intensities is also possible to observe from O intensity. This explains why the Si intensity tails away from SiO 2 intensity. Similarly we can interpret the 40 nm pentacene layer grown on SiO 2 /Si substrate, Fig. 8b . This depth profile shows again smaller waving of intensities, which could be neglected. The influence of Si substrate can be characterized by using SiO 2 or Si ion intensity. All of them show the similar dependence. The structure quality of parylene layers was analyzed by the micro-Raman spectroscopy using He-Ne laser. Raman peaks positioned at 1208, 1336, 1441 and 1608 cm −1 represents typical parylene bands. Mapping of the layers by micro-Raman spectroscopy measurements (not shown) by the lateral steps of 1-µm shows only small differences in Raman intensity in all measured positions. This fact presents a good homogeneity of the parylene layers in µm range of the surface. The Raman signal from the parylene layer is about 5000 times lower than the Raman signal from the pentacene layer of the similar thickness. Therefore the Raman spectra of pentacene structures are not influenced by Raman intensity of underlying parylene layer.
In Fig. 9 is shown the characteristic Raman spectrum of pentacene layer grown on parylene layer or SiO 2 layer. The Raman peaks of around 1160 and 1370 cm −1 have clearly detected bands, which represent the binding of C-H and C-C atoms, respectively [21] .
The C-H band reflects structure quality of pentacene layer, which means the presence of the crystallographic phases. In the insert of the Fig. 9 the spectral deconvolution of the C-H band is presented. The peak at position 1154 cm −1 represents the presence of thin phase, peak at position 1158 cm −1 bulk phase and peak at position 1162 cm −1 the binding between pentacene layer and substrate. We have evaluated the ratio of integral intensities of peaks at 1154 and 1158 cm −1 as I 1154 / I 1158 . This ratio reflects the correspondence between thin and bulk phase of pentacene layer. When this ratio is close to 1, the structures are suitable for the preparation of OTFTs with high carrier mobility. The ratio of about 0.5 reflects low portion of thin phase in the pentacene layer, hence low mobility in prepared OTFTs. This ratio was evaluated for all prepared structures and depends on the quality of the substrate preparation, growth temperature and pentacene layer thickness. Fig. 9 presents typical spectrum of the pentacene layers with the thicknesses pentacene layers with the thicknesses higher than 20 nm. We have detected three peaks at 1154 cm −1 , 1158 cm −1 and 1162 cm −1 . For the layers with the thickness 5 and 10 nm we have detected only the band at 1154 cm −1 and 1162 cm −1 . This is in good correspondence with other authors [21, 22] .
Additionally we have studied the influence of the ion bombardment on the pentacene layer by micro-Raman spectroscopy after the SIMS sputtering and measurements. We scanned laser spot across the square hole formed in the pentacene structure and continually detected Raman spectra. In Fig. 10 is shown the Raman intensity line profile for peak positioned at 1178 cm −1 . For the laser spot position under 40 µm the spectra represent non-damaged pentacene surface. For the laser spot positions over 75 ?m there is a bottom of the SIMS crater in Si substrate. Inbetween laser spot positions 40 to 75 ?m the pentacene layer with gradually decreased thickness is present. At these positions similar micro-Raman spectra of gradually decreasing intensity have been detected (see insert in Fig. 10 ). There was not qualitative difference between Raman spectra measured on the surface and at the side of SIMS crater (compare insert in Fig. 9 and in Fig. 10 ). These measurements present the fact that a SIMS depth profiling procedure does not induced qualitative change of pentacene layer during measurements (e.g. from polycrystalline to amorphous).
Conclusions
In this work, we have demonstrated the exploitation of different characterisation techniques for analysis of the pentacene layers deposited on parylene and SiO 2 dielectric layers directed to optimization of the OFET processing technology. SEM measurements of pentacene layer of 5 nm grown on SiO 2 reveals formation of small individual clusters. Morphology of the 40 nm thick pentacene layer grown on parylene surface shows formation of large grains with small voids between grains and more than one monolayer step growth, which is preferable for OTFT applications. AFM topography of pentacene layer in non-contact mode confirmed the preferable pentacene grain formation on parylene surface in dependence of layer thickness. The large grains formation shows 3D pentacene growth with grain high in the range of 20 nm. The thin 10 nm pentacene layers on 10 nm parylene layers revealed reduced size and height of the grains. These results suggest that the grain size and surface corrugation is increasing with increasing pentacene layer thickness. The surfaces of pentacene layers were analysed using SIMS surface images, which confirmed a homogeneous distribution of species in the layers. The depth profiles of pentacene on parylene revealed depth distribution of the species composition at the interfaces. By micro-Raman spectroscopy the as-grown surfaces of pentacene layers as well as surfaces damaged after SIMS etching procedure were investigated. In the pentacene layers thicker than 20 nm, both known pentacene phases (thin and bulk) were detected. For the pentacene thickness of 5 and 10 nm preferable thin phase was detected. The SIMS depth profiling caused decreasing of pentacene thickness, which doesn't show qualitative changes in pentacene molecular structure.
